Abstract-Frequency-domain equalization (FDE) based on minimum mean square error (MMSE) criterion can replace the conventional rake combining with significantly improved bit error rate (BER) performance for the downlink DS-CDMA in a frequency-selective fading channel. Recently, a new MMSE-FDE technique that requires no GI insertion has been proposed to avoid inter-block interference (IBI) (this technique is called overlap FDE). However, the residual IBI is produced and degrades the BER performance. Furthermore, the presence of an inter-chip interference (ICI) after MMSE-FDE limits the BER performance improvement. In this paper, we propose an iterative overlap FDE for DS-CDMA downlink to suppress both IBI and ICI. In the iterative overlap FDE, joint MMSE-FDE and ICI cancellation is repeated a sufficient number of times and the middle part of M chips is picked up. The BER performance with the iterative overlap FDE is evaluated by computer simulation.
INTRODUCTION
There have been tremendous demands for high-speed data transmissions in mobile communications [1] . A mobile communication channel is composed of many distinct propagation paths having different time delays, resulting in a frequency-selective fading channel [2] . Direct sequence code division multiple access (DS-CDMA) using rake combining is used in the present cellular mobile communication systems for data transmissions of up to around a few Mbps [3, 4] . Recently, a lot of research attention is paid to the next generation mobile communication systems that will support transmission data rates higher than several tens of Mbps. The wireless channel for high speed data transmission is severely frequency-selective and the BER performance with the rake combining degrades due to a strong inter-path interference. Hence, an advanced equalization technique is indispensable.
Recently, it has been shown [5] [6] [7] that FDE based on minimum mean square error (MMSE) criterion can replace the rake combining and improve the BER performance for the DS-CDMA signal reception over a severe frequency-selective channel. In DS-CDMA with MMSE-FDE, the insertion of the guard interval (GI) at the transmitter is necessary to avoid the presence of inter-block interference (IBI). However, the transmission efficiency is reduced by the insertion of the GI. For the case without the GI, the circularity of the channel matrix is distorted only at the edge of the matrix. The impulse response of MMSE-FDE does not spread over the entire fast Fourier transform (FFT) block. This fact can be exploited to avoid the GI insertion. The presence of IBI can be suppressed by overlapping the FFT block, and picking up the middle M chips from FFT block for despreading and data demodulation (this technique is called overlap FDE) [8, 9] .
However, the residual IBI still remains even if overlap FDE is applied. Furthermore, the presence of a residual inter-chip interference (ICI) after FDE distorts the orthogonality among the spreading codes. The residual IBI and ICI degrade the downlink BER performance as the code multiplexing order increases. The frequency-domain interference cancellation for DS-CDMA uplink has been proposed in [10] . Recently, we have proposed a joint MMSE-FDE and frequency-domain ICI cancellation to improve the BER performance of the DS-CDMA downlink signal transmission [11] . However, in [10] , [11] , DS-CDMA with the GI is considered. To the best of author's knowledge, the joint effect of the ICI cancellation and overlap FDE has not been examined.
In this paper, we propose an iterative overlap FDE for downlink DS-CDMA without the GI. In the iterative overlap FDE, joint MMSE-FDE and ICI cancellation is repeated a sufficient number of times and the middle part of M chips is picked up. If the ICI is sufficiently suppressed, the MMSE weight approaches the maximum ratio combining (MRC) weight. The impulse response of MRC-FDE is concentrated in close vicinity to the edge of FFT block, hence the residual IBI can be sufficiently suppressed by the iterative overlap FDE using ICI cancellation.
II. OVERLAP FDE AND ICI CANCELLATION
In this section, we investigate the impulse response of the MMSE-FDE filter to explain why overlap FDE can work successfully without requiring the GI insertion. The simulated achievable BER performance with overlap FDE is shown to introduce an iterative overlap FDE.
We assume QPSK data modulation, an FFT block size of N c =256 chips. The channel is assumed to be a frequency-selective block Rayleigh fading channel having a chip-spaced L=16-path uniform power delay profile. Perfect chip timing and ideal channel estimation are assumed.
One shot observation of the MMSE-FDE impulse response is shown in Fig. 1 (a) . The impulse response does not spread over the entire FFT block. Therefore, the residual IBI after MMSE-FDE does not spread over the entire FFT block if the maximum delay of the multipath τ L−1 is sufficiently short compared with the FFT block size N c . This is exploited by overlap FDE. Overlap FDE does not require the GI [9] . The FFT blocks of N c chips are overlapped, and the middle part of M (M≤N c ) chips after MMSE-FDE is picked up to avoid the residual IBI (Fig. 2) .
The simulated BER performance with overlap FDE is plotted for various values of M in Fig. 3 as a function of the average received bit energy-to-AWGN noise power spectrum density ratio E b /N 0 , defined as E b /N 0 =0.5SF(E c /N 0 ), where SF is the spreading factor and E c /N 0 is the average chip energy-to-AWGN power spectrum density ratio. SF and the number U of users are assumed to be SF=U=16. For comparison, the theoretical lower bound [6] and the BER performance of DS-CDMA with a GI of N g =32 are also plotted (the GI insertion loss in E b /N 0 is taken into account). The BER performance of overlap FDE is close to that with the GI, but a BER floor still exists due to the residual IBI. There is a big performance gap between the theoretical lower bound and the BER performance of overlap FDE. This is due to the residual ICI. Even with the GI (i.e., no IBI is present), the performance gap is as much as 7.7 dB for BER=10 −4 . This indicates that the use of ICI cancellation is effective to improve the BER performance irrespective of the insertion of the GI.
In this paper, we propose an iterative overlap FDE to sufficiently suppress both the residual ICI and IBI. In the iterative overlap FDE, after joint MMSE-FDE and ICI cancellation is repeated a sufficient number of times, the middle part of M chips is picked up. As the number of iteration increases, the FDE weight approaches the maximum ratio combining (MRC) weight since the residual ICI can be better suppressed. Fig. 1 (b) shows one shot observation of the impulse response for the MMSE weight after 3 iterations, which is seen to be much close to the MRC weight. The impulse response concentrates in close vicinity to t=0 compared to the original MMSE weight before iteration. (see Fig. 1 
(b) MMSE weight after 3 iterations Figure 1 .
One shot obsevation of the impulse response of the FDE weight. Received signal sequence and FFT window.
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III. TRANSMISSION SYSTEM MODEL

A. Overall transmission system model
The transmission system model for DS-CDMA with the iterative overlap FDE is illustrated in Fig. 4 . At the base station transmitter, the uth user's binary data sequence, u=0~(U−1), is transformed into a data modulated symbol sequence d u (n) and then spread by multiplying an orthogonal spreading sequence c u (t). The resultant U chip sequences are multiplexed and further multiplied by a common scramble sequence c scr (t).
The orthogonal multicode DS-CDMA signal is transmitted over a frequency-selective fading channel and is received at a receiver. The received chip sequence is decomposed by N c -point FFT into N c subcarrier components (the terminology "subcarrier" is used for explanation purpose only although subcarrier modulation is not used). MMSE-FDE is carried out, then, ICI cancellation is performed in the frequency-domain. Inverse FFT (IFFT) is applied to obtain the time-domain received chip sequence for despreading and soft decision. Joint MMSE-FDE and ICI cancellation is repeated a sufficient number of times. Finally, the middle M chips of N c chips are despread to recover the received data.
B. Tranmit and receive signals
Throughout this paper, chip-spaced time representation of the transmitted signals is used. Without loss of generality, a transmission of U users' data symbol sequences {d u (n); n=.., −1,0,1,. .} is considered. The spread signal chip sequence { ) ( t s ; t= ..,−1,0,1,..} to be transmitted can be expressed, using the equivalent lowpass representation, as
where E c and T c denote the chip energy and the chip duration, respectively, and s(t) is given by ( )
with |c u (t)|=|c scr (t)|=1, where x represents the largest integer smaller than or equal to x.
The propagation channel is assumed to be a frequency-selective block fading channel having chip-spaced L discrete paths, each subjected to an independent fading. The assumption of block fading means that the path gains remain constant over at least one FFT block duration. The impulse response h(t) of a multipath channel can be expressed as [12] Without loss of generality, we assume that N c -point FFT block is applied to the received signal block of t=0~N c −1. Eq. (4) can be rewritten as 
C. Joint MMSE-FDE and ICI cancellation
Joint MMSE-FDE and ICI cancellation is repeated in an iterative fashion. Below, the ith iteration is described. MMSE-FDE is carried out as follows:
where w (i) (k) is the equalization weight at the ith iteration and
are the equivalent channel gain, the IBI component and the noise component, after performing MMSE-FDE at the ith iteration, respectively. The MMSE weight is given by
ρ is an interference factor and 1
, which is described in Sect. IV.
ICI cancellation is performed as
is the residual ICI replica, and given by [11] { } 
) (
is the decision variable associated with d u (n) after the ith iteration.
IV. ICI REPLICA GENERATION AND MMSE WEIGHT
In this section, we consider the i(≥1)th iteration. ICI replica generation for the ith iteration is presented. Then, MMSE weight taking into account the residual ICI is derived and the residual IBI after ICI cancellation is described.
A. ICI replica generation
The soft decision variable is used to generate the replica
of the transmitted chip sequence so as to avoid the error propagation due to the erroneous decision variable.
Using the uth user's soft decision variable ) ( 
of the transmitted chip sequence s(t) is generated as ( ) . (17) Substituting Eq. (17) into Eq. (10), we obtain the frequency-domain ICI replica ) (
B. MMSE weight and interference factor
To derive the MMSE weight, taking into account the residual ICI, we define the equalization error e(k) between the frequency component
after the ICI cancellation and the transmitted frequency component
is used as a reference signal since
(the residual ICI is assumed to be
is the weight that minimizes the mean
. Hence, the following MMSE weight is obtained: 
C. Residual IBI after ICI cancellation
Assuming that the residual ICI is perfectly cancelled (i.e., ) ( 
is the residual IBI component given by
From Eq. (23), if the residual ICI is perfectly cancelled, the residual IBI is not present in the region of
Hence, the residual IBI can be avoided when the received chip sequence is picked up from
V. COMPUTER SIMULATION The simulation parameters are the same as in Sect. II. The simulated BER performance of the iterative overlap FDE is plotted in Fig. 5 with the number i of iterations as a parameter for SF=U=1 and 16, and M=160. For comparison, the theoretical lower bound is also plotted. The BER performance of i=0 corresponds to the case with the original overlap FDE. The iterative overlap FDE using ICI cancellation is very effective to improve the BER performance even without the GI. On the other hand, the BER floor is seen for overlap FDE (i=0) due to the residual IBI. A good BER performance is achieved for i=3, and the required E b /N 0 reduction is as much as 5.1 dB for BER=10 −3 . The E b /N 0 degradation from the theoretical lower bound is only 1.2 dB. When SF=U=16, the BER performance is greatly improved by iterative overlap FDE, similar to the case of SF=1. An E b /N 0 degradation of as small as 0.9 dB from the theoretical lower bound is confirmed. Note that the computational complexity of the iterative overlap FDE increases because of N c /M times increase in the number of FFT/IFFT operations over the conventional FDE and because of the iterative ICI cancellation operation.
VI. CONCLUSION In this paper, iterative overlap FDE was proposed. Although overlap FDE can improve the BER performance of DS-CDMA without the GI, the BER floor exists due to the residual IBI. The residual ICI is also present after MMSE-FDE, which is the predominant cause of the performance degradation from the theoretical lower bound. In the iterative overlap FDE, after joint MMSE-FDE and ICI cancellation is repeated a sufficient number of times, the middle part of M chips is picked up to reduce the effect of IBI and ICI. The BER performance with iterative overlap FDE was evaluated by computer simulation. It was found that, when SF=U=1 (16), the E b /N 0 reduction from the performance with i=0 is as much as about 5.1 (6.4) dB for achieving BER=10 . The E b /N 0 degradation from the theoretical lower bound is only 1.2 (0.9) dB for SF=U=1 (16).
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BER performance of iterative overlap FDE.
